It is well established that the organ damage that complicates human diabetes is caused by prolonged hyperglycemia, but the cellular and molecular mechanisms by which high levels of glucose cause tissue damage in humans are still not fully understood. The prevalent hypothesis explaining the mechanisms that may underlie the pathogenesis of diabetes complications includes overproduction of reactive oxygen species, increased flux through the polyol pathway, overactivity of the hexosamine pathway causing intracellular formation of advanced glycation end products, and activation of protein kinase C isoforms. In addition, experimental and clinical evidence reported in past decades supports a strong link between the complement system, complement regulatory proteins, and the pathogenesis of diabetes complications. In this article, we summarize the body of evidence that supports a role for the complement system and complement regulatory proteins in the pathogenesis of diabetic vascular complications, with specific emphasis on the role of the membrane attack complex (MAC) and of CD59, an extracellular cell membrane-anchored inhibitor of MAC formation that is inactivated by nonenzymatic glycation. We discuss a pathogenic model of human diabetic complications in which a combination of CD59 inactivation by glycation and hyperglycemia-induced complement activation increases MAC deposition, activates pathways of intracellular signaling, and induces the release of proinflammatory, prothrombotic cytokines and growth factors. Combined, complement-dependent and complement-independent mechanisms induced by high glucose promote inflammation, proliferation, and thrombosis as characteristically seen in the target organs of diabetes complications. (Endocrine Reviews 36: 272-288, 2015)
if it continues increasing at the current rate, diabetes will affect almost 10% of the world population by the year 2035. However, an epidemic of diabetes is in fact an epidemic of its complications; diabetes is associated with: 1) accelerated macrovascular disease resulting in atherosclerotic coronary heart disease, stroke, and peripheral artery disease; and 2) microvascular disease that damages the retina, leading to blindness; the kidneys, leading to endstage renal failure; and peripheral nerves, leading to severe forms of neuropathy, which combined with peripheral artery disease are the leading cause of nontraumatic amputations. The cost of treating complications of diabetes exceeds 10% of the total healthcare expenditure worldwide.
Large-scale prospective studies for both type 1 and type 2 diabetes, including the Diabetes Control and Complications Trial (1, 2) , the UK Prospective Diabetes Study (3) , and the Steno-2 Study (4) , established that the complications of diabetes are caused by prolonged hyperglycemia, and that the extent of tissue damage in individuals with diabetes is influenced by genetic determinants of susceptibility and by the presence of accelerating factors such as hypertension and dyslipidemia. A hypothesis summarizing different mechanisms that may underlie the pathogenesis of diabetes complications proposes that hyperglycemia-induced overproduction of reactive oxygen species (ROS) fuels an increased flux of sugars through the polyol pathway, an increased intracellular formation of advanced glycation end products (AGEs), an increase in reactive carbonyl compounds, increased expression of the receptor for AGEs and signaling upon binding to their activating ligands, the activation of protein kinase C (PKC) isoforms, and an overactivity of the hexosamine pathway (reviewed in Refs. 5-7). However, the actual cellular and molecular mechanisms by which high levels of glucose cause tissue damage in humans are still not fully understood.
A body of clinical and experimental evidence reported in past decades supports a link between the complement system, complement regulatory proteins, and the pathogenesis of diabetes complications (8 -23) . Emerging evidence also indicates that the complement system is involved in several features of cardiometabolic disease, including dysregulation of adipose tissue metabolism, low-grade focal inflammation, increased expression of adhesion molecules and proinflammatory cytokines in endothelial cells contributing to endothelial dysfunction, and insulin resistance (reviewed in Ref. 24 ). Here we will review the biology of complement with particular emphasis on the membrane attack complex (MAC) as a potential effector of pathology seen in target organs of diabetic complications, and of CD59, an extracellular cell membraneanchored inhibitor of MAC formation that is inactivated by nonenzymatic glycation forming glycated CD59 (GCD59), an emerging biomarker for the diagnosis and clinical management of diabetes.
The complement system is an effector of both adaptive and innate immunity. It is composed of more than 30 plasma and cell-membrane proteins that are synthesized by hepatocytes or locally in peripheral tissues (25) (26) (27) (28) and that normally circulate as inactive precursors (proproteins). Complement proteins interact with one another in three enzymatic activation cascades known as the classical, the alternative and the mannose-binding lectin (MBL) pathways (summarized in Figure 1 and reviewed in Refs. 29 -31) . The three activation pathways eventually converge at the level of C3 and C5; thereafter, the three complement pathways share a common reaction sequence through the late components C6, C7, C8, and C9, leading to the generation of the MAC, the main effector of complement-mediated tissue damage.
II. The MAC: Formation and Function
As described in Figure 1 , the MAC is a transmembrane pore that allows influx of salt and water leading to colloid osmotic lysis of MAC-targeted cells. The formation of the MAC pore, however, seems to be the end stage of a process that transits through a reversible phase during which MAC pores can be formed transiently (32) (33) (34) , generating significant changes in the membrane permeability and internal composition of MAC-targeted cells without compromising their viability (32, 35, 36) . Figure 2 illustrates the large increase of intracellular Ca ϩϩ levels caused by transient, nonlytic MAC pores on isolated guinea-pig cardiomyocytes (36) . Thus, whereas the matured MAC pore can kill nonself cells by perforating their plasma membrane, the transient MAC pore can induce nonlethal biological responses in "self" cells and mediate physiological and/or pathological response (37) .
III. The MAC as a Mediator of Cellular Signaling and an Effector of Organ Pathology
Activation products of complement such as C3b and C4b or the anaphylatoxins C3a and C5a exert their biological activities through binding to specific receptors expressed in many cell types. Upon binding to their cognate ligands, these receptors trigger signaling processes mostly linked to inflammation and immune responses (38) . In contrast, there are no specific receptors for the MAC, which inserts directly into the lipid bilayer of the plasma membrane. Insertion of transient nonlethal MAC pores into cell membranes induces an array of biological responses that promote cell proliferation, inflammation, and thrombosis, as characteristically seen in all diseases in which focal complement activation is a characteristic pathological abnormality. These responses are mediated by growth factors and cytokines including basic fibroblast growth factor and The classical pathway is initiated by immune complexes that activate C1. Activated C1 then recruits C4 and C2 to form a C3-convertase (C4b2a) that fragments C3 into C3a, an anaphylatoxin, and C3b, a molecule at the core of the complement system that binds covalently to hydroxyl groups on carbohydrates or proteins in bacterial surfaces and/or cell membranes. C3b tags invading microorganisms for opsonization and also amplifies the activation cascade acting as a focal site for further complement activation. The phylogenetically older alternative pathway is activated by low-grade cleavage of C3 in plasma; the resulting C3b binds factor B, a protein homologous to C2, to form the C3bB complex. Bound to C3b, factor B is cleaved by the activator factor D, which circulates in an active form as a serine esterase to form C3bBb, the C3-convertase of the alternative pathway. Because basal "tick over" deposition of C3b occurs in all cells exposed to complement, C3b is always available to prime the alternative pathway. However, continued activation and amplification are normally restricted because cell membranes do not bind factor B efficiently, and the inhibitory factor H prevents the association of factor B with C3b. Amplification of the alternative pathway occurs when factor H binds to foreign carbohydrates leaving factor B free to complex with C3b. Specificity for activation of the alternative pathway resides in the ability of factor H to discriminate between "self" and foreign carbohydrate determinants (30, 31, 67 -insensitive PKC (53, 54); 4) activation of heterotrimeric G proteins of the Gi/Go subfamily (55); 5) mitotic signaling through the small G protein Ras, which induces Raf-1 translocation triggering activation of the ERK pathway (56); and 6) activation of phosphatidylinositol-3 kinase (57) . The MAC also activates the transcription factor nuclear factor-B (NF-B), which induces the production of IL-6 as well as IL-8 and MCP-1 (58, 59) . In glomerular mesangial cells, insertion of the MAC results in increased production of ROS (51) and the release and/or up-regulation of: 1) basic fibroblast growth factor and plateletderived growth factor (39) , which induce mesangial cell proliferation and transcriptional up-regulation of TGF-␤ (60, 61); 2) MCP-1, which attracts monocytes and macrophages to the mesangium (62); and 3) transcriptional activation of collagen type IV (63) .
In the context of this review, it is important to note that many mediators and cellular pathways activated by the MAC are established players in the tissue damage seen in the target organs of diabetic complications (64, 65) and are common to or intersect with complement-independent mechanisms up-regulated by hyperglycemia, such as overproduction of ROS and up-regulation of PKC and NF-B (reviewed in Refs. 5-7).
IV. Complement Regulatory Proteins
Given the potentially devastating effects of uncontrolled complement activation, it is not surprising that an array of mechanisms have evolved to protect "self" cells from complement attack and MAC formation. On the one hand, the inherent instability of the enzymes in the activation pathways and the extremely short half-life of the activated complement components coupled to the transient nature of the reaction sequences are intrinsic properties of the complement system that keep its activation restricted and limit the effects of complement to the vicinity of the acti- (165), in a complex with the MASP1 and MASP2 binds to an array of mannose groups on the surface of microorganisms. This binding activates MASPs, which then cleave C2 and C4 leading to the formation of the C3-convertase C4b2a in a manner comparable to activated C1 (30) . Terminal complement pathway: The three complement activation pathways eventually converge at the level of C3 with formation of C3b and a C5 convertase that cleaves C5 into C5a, an anaphylatoxin, and C5b. This is the last enzymatic step of the activation cascades; thereafter, the complement pathways share a common sequence through the terminal components C6, C7, C8, and C9, leading to the generation of the MAC, the main effector of complementmediated tissue damage. The terminal complement components-C6 through C9 -necessary to form the MAC are constitutively present in plasma. Formation of the MAC is initiated by C5b, followed by the sequential association of C6 into C5b6, and then C7, C8, and C9. C5b6 is a stable protein that binds to C7 to form the C5b-7 complex that inserts into the lipid bilayer of the plasma membrane. Membrane-bound C5b67 exposes a binding site for C8 leading to formation of the C5b-8 complex, which functions as a docking site for C9. A single C9 first binds to C8 in the C5b-8 complex; then C9 polymerizes, forming the C5b-9 complex known as the MAC. The MAC is a circular polymer of a variable number of C9 monomers (166 -170) with the capacity to insert into cell membranes (171) and form a transmembrane pore with hydrophobic domains on the outside and hydrophilic domains in the inside and an effective internal radius of 5-7 nm (172) (173) (174) . Restriction of complement activity by complement regulators: In the fluid phase, the C1 inhibitor regulates the classical pathway by targeting C1, factors H and I regulate the alternative pathway, and S-protein, clusterin, and serum lipids compete with membrane lipids for reacting with nascent C5b67 (29) . In addition to these fluid phase inhibitors, several membrane proteins, DAF (175) , membrane cofactor (MCP) (176, 177) , and complement receptors 1 and 2 (CR1, CR2) regulate the C3-convertases (178), a major amplification step in the early complement activation cascade, whereas clusterin (179), S-protein (180) , and CD59 inhibit formation of the MAC (115, 116, (181) (182) (183) (184) (185) . Massive or unrestricted activation of complement and MAC formation leads to cell lysis. In the context of reduced restriction, just basal (tick over) complement activity is sufficient to form transient MAC pores in nucleated cells leading to influx and efflux of ions and macromolecules, and activation of cellular pathways that contribute to proliferation, inflammation and thrombosis. press.endocrine.org/journal/edrv 275 vation site. On the other hand, a multitude of complement regulatory molecules exist that restrict critical steps of the pathways ( Figure 1 ). In particular, CD59 is a specific inhibitor of MAC formation that restricts C9 polymerization. Ubiquitously expressed in mammalian cells, CD59 is an 18-to 20-kDa glycan phosphatidylinositol (GPI)-linked glycoprotein (66, 67) . CD59 inhibits the binding of C9 to C5b-8 by competing for binding to a nascent epitope on C8, thereby affecting the association of C9 to the C5b-8 complex (68). CD59 can not only function as an inhibitor of the formation of large MACs but also allow cells to eliminate newly formed MACs by blocking the early, functional channel formation of MAC complexes (69) .
Several lines of evidence indicate that CD59 is the most critical of the complement regulators in protecting human cells from MAC formation and MAC-induced phenomena: erythrocytes from a family carrying the Inab blood group phenotype totally lacked decay-accelerating factor (DAF), an inhibitor of early complement activation, without any association with hemolytic disease (70 -73) ; in contrast, individuals carrying CD59 mutations leading to undetectable levels of CD59 on their cell membranes exhibited an early-onset hemolytic phenotype associated with vascular disease or chronic relapsing polyneuropathy (74, 75) .
The GPI anchor is attached to the proteins as a posttranslational modification mediated by a protein called Pig-A that is required for the synthesis of the GPI-lipid tail (76 -79) . Deficiency of GPI-linked proteins including CD59 in erythrocytes and platelets is phenotypically expressed as a complement-mediated hemolytic anemia, known as paroxysmal nocturnal hemoglobinuria (PNH) (80, 81) . This paradigmatic disease, together with the silencing CD59 mutations described above, illustrates how the delicate balance between complement activation and restriction can be broken by just the functional deficiency of CD59, leading to a potentially harmful pathological response even in the absence of complement-activating stressors.
V. Clinical Evidence for a Role of Complement in the Pathogenesis of Diabetes Complications
Evidence for a potential role of complement in the pathogenesis of diabetes complications was initially provided by the identification of activated complement proteins in target organs of diabetes complications biopsied or excised (9, 10, 82-84) from individuals with diabetes.
A. Diabetic nephropathy
Falk et al (82) (83) (84) used antibodies against activated complement proteins including a neoantigen of the C9 portion of the MAC to perform immunoelectron and immunofluorescent microscopy on kidney tissue from normal humans and individuals with insulin-dependent diabetes. Staining of tissues with specific antibodies directed against the MAC neoantigen is the most direct method for determining whether complement activation has occurred to completion because the neoantigen is exposed when the MAC is assembled and inserted into a cell membrane. Immunofluorescent microscopy of kidney tissue from individuals with insulin-dependent diabetes and varying degrees of mesangial expansion and glomerulosclerosis demonstrated a positive association between the degree of tissue damage and the amount of MAC deposited in the mesangium. Immunoelectron microscopy of specimens from individuals with diabetic nephropathy revealed that the anti-MAC neoantigen monoclonal antibody reacted with linear and circular membranous structures within the mesangium, tubular basement membranes, blood vessel walls, and the glomerular basement membranes (82) (83) (84) . Our own studies confirmed glomerular MAC deposition (colocalized with GCD59, Section VII.B) in kidney biopsies from individuals with diabetes (19) . We also reported the presence of extensive MAC deposition in glomeruli and blood vessels in the biopsy of a kidney transplanted 2 years earlier and diagnosed as "recurrent diabetic nephropathy with no signs of rejection" (19) .
Also, several studies have found that serum concentrations of MBL, an indicator of the lectin complement pathway, were significantly elevated in patients with type 1 diabetes (85, 86) and even more elevated in patients with vascular complications including diabetic nephropathy (13, 15, 87) . Furthermore, the FinnDiane Study showed that the baseline levels of MBL were positively associated with the progression and prognosis of diabetic nephropathy in type 1 diabetes (16, 88) . Transcriptome analyses of human kidneys have shown that the canonical complement-signaling pathway is differentially up-regulated in both glomeruli and tubules of individuals with diabetic nephropathy and is associated with increased glomerulosclerosis. Woroniecka et al (18) showed that increased expression of C3 mRNA and protein in glomeruli was positively correlated with diabetic kidney disease. C3 is a key protein central to all complement activation pathways.
B. Diabetic retinopathy
A combination of biochemical, histological, and genetic studies suggest that aberrant function of the complement system plays a key role in the etiology of agerelated macular degeneration, a common degenerative ocular disease (22) . Two independent studies have documented that complement activation occurred extensively and to completion in the choriocapillaries of eyes from donors with diabetic retinopathy, whereas similar deposits were not found in eyes from donors without retinopathy. In the study by Gerl et al (23) , intense positive staining for MAC deposits (neoantigens) and C3d was noted without exception in all 50 eyes with diabetic retinopathy analyzed, but in only one of 26 eye donors without diabetic retinopathy (10, 23).
C. Diabetic neuropathy
Nerve damage through complement activation has been reported in several peripheral neuropathies (89) . Interestingly, a recent study showed that a cell surface deficiency of the complement regulatory protein CD59 due to a single missense mutation of the CD59 gene was clinically expressed by a form of chronic peripheral neuropathy in children (75) . The presence of activated complement proteins and MAC neoantigen in sural nerve biopsies from individuals with diabetes was first reported by Hays and collaborators (9) ; in the same nerve biopsies analyzed in that study, we observed colocalization of MAC and GCD59 (19) .
D. Diabetic cardiovascular disease
A relatively large body of evidence supports a role of complement in cardiovascular pathology in general and atherosclerosis in particular (reviewed in Refs. 24, 44, 48, 90 -97) . Diabetes and prediabetes are major independent risk factors for cardiovascular disease (98, 99) , and a potential role of C3, its activation products, and other com-ponents of the early complement cascade in the pathogenesis of type 2 diabetes has been suggested from associations found in several cross-sectional and longitudinal human studies, as recently reviewed in Ref. 24 . Also, cleavage of C3 generates the anaphylatoxins, C3a and C5a, and further cleavage of C3a by carboxypeptidases leads to production of acylation stimulating protein (ASP/ C3adesArg), a lipogenic hormone that plays a role in atherosclerosis (100 -102). However, the potential role of complement activation in diabetic cardiovascular disease has not been fully explored in human studies. In a subanalysis of the DIGAMI-2 trial, which prospectively studied more than 1200 individuals with type 2 diabetes who had a myocardial infarction, high blood levels of soluble MAC at the time of hospitalization strongly and independently predicted the risk of a cardiovascular event in the subsequent 3.5 years (12). In the same subanalysis, levels of MBL-associated protease (MASP)-2 appeared to be associated with a poor cardiovascular prognosis, although this did not remain significant after multivariable adjustments.
Together, the findings summarized above suggest an important role of the complement system in the development and progression of diabetic complications. However, it is important to note that whether the reported associations of elements of the complement system with diabetes represent causative pathogenic precursors or are just a collateral consequence of diabetes and its complications is still unclear and deserves further investigation.
Complementary to the clinical evidence discussed above, in vitro and animal studies seem to suggest that the lectin pathway could be activated by increased levels of MBL induced by hyperglycemia and by a cooperative binding of MBL with fructoselysine, the product of the nonenzymtic attachment of glucose to selective ␣-or ⑀-amino groups in proteins (103, 104) .
VI. Glycation-Inactivation of CD59: a Molecular Link Between Complement and the Complications of Diabetes

A. Human studies
There are different ways in which the "delicate balance" between complement activation and restriction can be potentially broken in diabetes. On the one hand, autoantibodies to glycated and glycol-oxidized proteins can activate the classical pathway (17, 105, 106) , fructosamines reportedly activate the lectin pathway by an increased ligand-receptor binding (103) , and increased AGEs on the arterial walls can serve as neo-epitopes for MBL binding (11) . The presence of activated products of C3 (C3d and iC3b), C2, and C4 in target organs of diabetic complications (9, 23) is consistent with activation of complement through either or both of these two pathways. On the other hand, functional inhibition by glycation or reduced expression of complement regulatory proteins such as CD59 (8, 10) could lead to the increase of complementmediated damage and MAC-induced biological processes likely to contribute to the pathogenesis of diabetic complications (9, 10, 82, 84, 107) .
Of all the above-mentioned putative mechanisms that potentially contribute to complement-mediated tissue damage in diabetes, glycation-inactivation of CD59 is the most extensively studied and documented. Hereafter, we will summarize the experimental and clinical evidence for a role of GCD59 in the pathophysiology of diabetes complications.
Protein glycation on ␣-or ⑀-amino groups is a wellestablished mechanism of tissue damage in diabetes. Despite the many amino groups exposed on the surface of either soluble or membrane proteins, very few ⑀-amino groups are glycated to a significant extent. For example, despite the very close proximity of lysyl residues K61, K65, and K66 in ␤-hemoglobin, only the ⑀-amino group of K66 is preferentially glycated in vivo (108) . This is because significant ⑀-amino glycation requires effective acid-base catalysis, which occurs at "glycation motives" such as histidyl/lysyl residues in which the imidazolyl moiety is located at Ϸ 5A°from the ⑀-amino group of the lysyl residue or at lysyl-lysyl pairs (108 -113) .
Analyzing the nuclear magnetic resonance structure of human CD59 reported by Fletcher et al (114) , our group predicted that the protein contains within its active site a glycation motif formed by amino acid residues K41 and H44 and that glycation could inhibit the activity of CD59 ( Figure 3A ). This idea was further supported by the fact that K41 is adjacent to W40, a conserved residue that is essential for CD59 function (115, 116) . Exposing purified or recombinant human CD59 to glucose, we demonstrated that the anti-MAC activity of CD59 is indeed inhibited by glycation, as documented with antiglycated CD59 antibodies ( Figure 3B ) (8) . Site-directed mutagenesis of human CD59 confirmed experimentally that: 1) human CD59 is inhibited by glycation of its K41 residue; and 2) H44 is required for glycation-inactivation of human CD59 (8) (Figure 3B) .
B. Animal studies
The significance of the glycation motif in human CD59 is highlighted by the fact that the residue H44 is absent in CD59 from any animal species sequenced to date (Table 1 in Ref. 8) . This is remarkable because humans are particularly prone to develop diabetic vascular complications, and it is well known that no single animal model of the disease can recapitulate the extensive vascular disease that commonly complicates human diabetes (117) . This observation has led to the intriguing hypothesis that the presence of a glycation motif K41-H44 in human CD59 (not present in CD59 from other species) could contribute to the unique sensitivity of humans to develop extensive vascular disease in response to hyperglycemia. To test whether the functional inactivation of CD59 confers higher risk for diabetes-induced atherosclerosis, our group has generated molecular-engineered mice that are completely deficient in CD59 (mCD59KO mice), crossed them into the ApoE Ϫ/Ϫ background (one of the models recommended by the Diabetes Complications Consortium for studying diabetes-induced atherosclerosis) (118) , and rendered them diabetic by injection of low doses of streptozotocin (an experimental model of type 1 diabetes also recommended by the Diabetes Complications Consortium) (119) . The ablation of CD59 (mCD59 knockout mice in an ApoE Ϫ/Ϫ background) promoted accelerated atherosclerosis with occlusive coronary disease, vulnerable plaque, and premature death (48, 120) . In contrast, either transgenic overexpression of human CD59 in the endothelium or the administration of a neutralizing anti-C5 monoclonal antibody in mice significantly attenuated the development of atherosclerosis (67) . These observations in molecular-engineered mice are consistent with a body of experimental evidence supporting a role of complement in the development of atherosclerosis (90, 91, 94, 95, 120, 121) . Initial evidence demonstrated that diabetic mCd59KO/Apoe Ϫ/Ϫ mice developed a severe and accelerated form of atherosclerosis characterized by significantly larger atherosclerotic lesion areas in the aorta (Ͼ2-fold increased lesion area in enface aorta preparations) and the aortic roots, as compared to their nondiabetic littermates. This accelerated atherosclerosis observed in diabetic CD59-deficient mice was associated with significantly increased MAC deposition (detected with antimouse C9 antibodies) and occurred at levels of hyperglycemia, lipid profiles, and body weights similar to those in diabetic CD59-expressing mice (122) . Interestingly, diabetic mCD59KO mice had significantly increased MAC deposition and higher levels of serum iC3b, a byproduct of C3 cleavage during activation of complement, than nondiabetic mCD59KO mice. These two observations are consistent with the emerging evidence for activation of the complement system in diabetes (11, 17, 103, 105) , as discussed above.
VII. Functional Evidence for GlycationInactivation of CD59 in Individuals With Diabetes, and Presence of Glycated CD59 in Target Organs of Diabetes Complications
The identification of the cellular and molecular mechanisms by which hyperglycemia causes tissue damage in humans has been hampered by: 1) the lack of animal models that recapitulate the combination and intensity of complications seen in human diabetes (117); 2) the chronic nature of the complications that can take decades to become clinically evident; and 3) ethical and practical considerations that preclude conduction of the functional studies required to assess mechanistic hypotheses in humans. Despite these limitations, two lines of human experimental evidence seem to support the potential role of Figure 3 . A, Nuclear magnetic resonance structure of human CD59 (from Ref. 114 ). The figure highlights the Lys41 (red) and His44 (green) amino acid residues that conform the glycation motif and the W40 (blue) residue, a conserved amino acid critical for CD59 activity. The His44 of human CD59 is not found in CD59 from any other species sequenced to date. B, Glycation inactivates human CD59: the activity of recombinant human CD59 was measured in a hemolytic assay using guinea-pig erythrocytes exposed to human MAC formed with purified terminal complement components, as reported in Ref. 8 . Incubation of CD59 in the presence of glucose progressively inhibits CD59 activity (red line). Inhibition of activity is associated with glycation of CD59 because: 1) parallel incubation of the same preparation with the nonglycating sugar sorbitol did not affect CD59 activity (see Figure 2 in Ref. 8) , and an antibody specific for the glycated form of CD59 showed the presence of glycated CD59 in the protein inactivated after incubation with glucose (inset). Site-directed mutagenesis of either K41 or H44 generated two CD59 mutants (mutant K41Q and mutant H44Q) that were active against human MAC but not inhibited by exposure to glucose.
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A. Functional inactivation of CD59 in individuals with diabetes
If glycation inactivates CD59 in vivo, one would predict an increased sensitivity to MAC-mediated phenomena in cells/tissues carrying glycation-inactivated CD59. This prediction was confirmed in an ex vivo study using red blood cells (RBCs) from donors with or without diabetes, in which we measured both the activity of CD59 in the RBC membranes and the RBC sensitivity to human MAC. The results showed that RBCs from individuals with diabetes selected to have glycated hemoglobin (HbA1c Ͼ 8%) exhibited a significantly reduced activity of CD59 and were significantly more sensitive to MACmediated lysis than RBCs from individuals without diabetes (HbA1c Ͻ 5.5%) (19) . This reduced activity of CD59 in RBCs from individuals with diabetes is consistent with inactivation of CD59 by glycation and would explain some reversible hematological abnormalities reportedly seen in individuals with poorly controlled diabetes, including increased reticulocyte count and shorter RBC life span (123) (124) (125) , both suggestive of mild hemolytic anemia. Also, individuals with diabetes experience a high incidence of thrombotic episodes, their platelets are hyperactive, and their plasma contains high levels of plateletderived microparticles (PMPs) (126) . Thrombosis is also a major cause of morbidity and mortality in individuals with PNH (80, 127, 128) , whose CD59-deficient platelets are exquisitely sensitive to MAC-induced activation and release of PMP (129); platelets from CD59 knockout mice are also activated spontaneously and release PMPs (130 -132) . These combined clinical and experimental observations indicate that inactivation of CD59 by glycation could be one factor contributing to the high incidence of thrombosis in individuals with diabetes.
B. Colocalization of GCD59 and MAC in target organs of diabetic complications
Using an antibody that specifically recognizes the glycated from of CD59 (GCD59), we were able to identify the presence of GCD59 in renal and sural nerve biopsies from individuals with diabetes. No detectable amounts of GCD59 were found in biopsies from individuals without diabetes. As expected from the functional inactivation of CD59 by glycation, serial sections of the same renal and nerve biopsies showed colocalization of GCD59 with MAC deposits (19) . Increased levels of GCD59 and MAC have also been observed in other tissues extracted from individuals with diabetes, namely skin biopsies and saphenous veins removed for grafting of occluded arteries (J. A. Halperin et al, our unpublished observation).
C. Glycated CD59 as a diabetes biomarker
Although CD59 is a cell membrane-bound protein, a soluble form of CD59 that is shed from cell membranes by phospholipases is present in human blood, urine, saliva, and other bodily fluids (133) (134) (135) (136) . Ghosh et al (137) reported the development of a highly specific and sensitive ELISA assay to measure circulating levels of GCD59. In human association studies conducted to assess blood levels of GCD59 as a biomarker of diabetes using this ELISA assay (138) , levels of GCD59 were 3-to 4-fold higher in individuals with type 2 diabetes. Furthermore, a positive and independent association between HbA1c and GCD59 was observed among 400 subjects (r ϭ 0.58; P Ͻ .001); moreover, this association remained robust even in subgroup analyses of subjects with diabetes and those without diabetes, suggesting that this positive relationship was not confined to abnormal glucose handling alone. Beyond associations with HbA1c, in a cohort of subjects with no prior diagnosis of diabetes (n ϭ 109), higher GCD59 concentrations were strongly associated with higher glucose levels after 2-hour oral glucose tolerance tests, independently of other known predictors of the 2-hour oral glucose tolerance test (␤ ϭ 19.8; P ϭ .02) (138). Lastly, the GCD59 level has also been shown to acutely parallel changes in glycemic control during therapeutic intervention with insulin. In an intervention study involving intensification of insulin therapy in persons with poorly controlled diabetes, reductions in average weekly glucose mediated by insulin treatment tightly paralleled the reductions in GCD59 levels. In contrast, other markers of glycemic control such as HbA1c and fructosamine did not change significantly in response to average weekly glucose reductions during those 2 weeks (138). Collectively, these human studies strongly implicate GCD59 as a biomarker that may be useful for the diagnosis of diabetes and in the chronic management of glycemic control in diabetic individuals.
Other complement proteins that have been reportedly used to study the pathways of complement activation and could be potentially explored as diabetes biomarkers include: C1q, C3, C4d (classical and lectin pathways), factors D and Bb (alternative pathway), 3a and C5a (general complement activation), soluble MAC complexes (terminal complement activation), and soluble forms of complement regulatory proteins DAF, MCP and CR1 (139) .
D. Complement-targeted therapeutics
Progressively recognized as a major mediator of a variety of clinical disorders that include both acute and chronic diseases and affect a wide range of organs, modulation of the complement system with either small molecules or biologicals is now considered a promising strategy in drug discovery (reviewed in Refs. 140 and 141). Fueled by 1) a wealth of high-resolution structural models (142) (143) (144) (145) (146) (147) , functional assays (148 -156) , and genomewide association studies (157) , which together offer new insight into the molecular details and ligand interaction sites of complement components; 2) the approval and therapeutic success of the anti-C5 antibody, eculizumab (Alexion), for the treatment of PNH (158 -160) and more recently of atypical hemolytic-uremic syndrome (161); and 3) the evidence that even small changes in the activity of individual complement proteins may add up to a significant effect over a disease progression, the field of complement-targeted drug discovery has seen a surge in approaches to therapeutically intervene at various stages of the complement cascades. Potential therapeutic target mechanisms include inhibition of C3 activation, inhibition of C3 convertase assembly, acceleration of C3 convertase decay, promotion of C3B proteolysis, inhibition of C3 and/or C5 convertase activities, inhibition of MAC assembly by CD59, and reestablishment of normal alternative complement pathway control with protective Factor H protein. Compounds directed against some of these targets that are currently in early clinical trials for other indications include: compstatin/POT-4, a peptide inhibitor that inhibits the central step of the complement cascade by preventing cleavage of C3; and ARC1905, a pegylated, aptamer-based C5 inhibitor that inhibits the cleavage of C5 into C5a and C5b. Other complement pathway-modulating compounds currently being considered for and/or under preclinical development include a humanized antifactor D antibody (TNX-234), a Fab fragment of an anti-CFB antibody (TA106), a CR2-factor H hybrid protein, a small molecule C5aR peptidomimetic (JPE-1375), and antiproperdin antibody, an inhibitor of the classical pathway (C1-INH), and a soluble form of complement receptor 1.
Based on the extensive clinical and experimental evidence supporting a role of complement in the pathogenesis of diabetes complications, it is conceivable that in the future, complement inhibition could offer an early point of intervention that could potentially retard, prevent, or even reverse progression of those complications. However, given the pleomorphic biological activities of the complement system, risk-benefit analyses of therapeutic application targeting complement to prevent or treat complications of diabetes will have to evaluate cautiously the potential systemic effects of chronic complement pathway modulation.
VIII. Conclusions
In this article we have summarized the body of evidence that supports a role for the complement system and complement regulatory proteins in the pathogenesis of diabetic vascular complications, with specific emphasis on the novel phenomenon of glycation-inactivation of CD59. Progress in this area has been remarkable considering that: 1) ethical and practical issues preclude conducting indepth mechanistic studies in humans, especially for chronic conditions such as the complications of diabetes that take years to develop; and 2) nonclinical research is hampered due to the absence of animal models of diabetes that fully recapitulate diabetic vascular disease in the intensity and distribution seen in humans.
Similar to other tightly regulated biological systems, phenotypic endpoints derived from complement activation depend on the delicate balance between complement activators and inhibitors. In the specific case of complement and its regulators, this "delicate balance" paradigm is well exemplified by the human disease PNH, an acquired complement-mediated hemolytic anemia in which blood cells lack GPI-anchored proteins including CD59 (78, 81) . Under "normal" conditions, the basal "tickover" activation of complement is sufficient to induce only a mild degree of hemolysis. In contrast, when stressors like infections amplify complement activation, MAC attack on unprotected RBCs and platelets results in "paroxysmal" crises of hemolysis, platelet activation, and potentially lethal thrombotic episodes (128, 162, 163) . The emerging clinical evidence summarized in this article indicates that comparable mechanisms could be operative in the pathogenesis of diabetes complications: on the one hand, biological responses to hyperglycemia like formation of AGEs and fructosamine adducts in proteins as well as autoantibodies against oxidized and/or glycated proteins could activate complement, whereas on the other hand, glycation-inactivation of CD59 increases the susceptibility of tissues to complement (MAC) mediated damage.
Based on the evidence summarized above, it is tempting to propose a pathogenic model of human diabetic complications in which the delicate balance between complement activation and restriction is broken by a combination of glycation-inactivation of CD59 and complement activation by autoantibodies, increased activity of the MBL pathway, and possibly other still uncovered mechanisms. This results in an increased MAC deposition as observed in target organs of diabetes complications. Increased MAC deposition activates pathways of intracellular signaling, including increased production of ROS, activation of PKC, and up-regulation of NF-B and induces the re- press.endocrine.org/journal/edrv 281 lease of proinflammatory, prothrombotic cytokines and growth factors. These complement-dependent mechanisms, together, perhaps synergistically, with the multiple complement-independent mechanisms summarized by Brownlee (5-7), promote inflammation, proliferation, and thrombosis as characteristically seen in the target organs of diabetes complications. Figure 4 summarizes these complement-dependent and complement-independent mechanisms, highlighting the points of convergence common to both mechanisms such as increased ROS and activation of PKC and transcription factor NF-B.
Future research in the area should comprise studies to elucidate: 1) the relative roles of these complement-related mechanisms in the pathogenesis of the different diabetes Figure 4 . Figure 4 . A model of the cellular and molecular mechanisms leading to cell proliferation, inflammation, and thrombosis characteristically seen in the target organs of diabetic complications. High levels of glucose in diabetes glycates and thereby inactivates CD59 and also increases complement activation. Combined, these effects of hyperglycemia on the complement system trigger more MAC deposition on cell membranes. The figure illustrates the different cellular signaling pathways induced by high glucose; the complement/MAC-dependent mechanisms summarized in this review are shown on the right, and the complement-independent mechanisms (reviewed in Refs. 5 and 7) are shown on the left. The center of the figure highlights the common signaling pathways reportedly triggered by either high glucose or the MAC. The evidence summarized in this review indicates that both mechanisms are operative in the pathogenesis of diabetes complications.
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Ghosh et al Complement and Diabetes Endocrine Reviews, June 2015, 36(3):272-288 complications; 2) whether differences in complement activity or in expression of complement regulatory proteins such as CD59 could explain the increased risk of diabetes complications among ethnic minorities (164); and 3) how complement-induced biological phenomena and other hyperglycemia-induced cellular responses interplay in the pathogenesis of diabetes complications. Because the complement-related mechanisms described in this review are driven by hyperglycemia, it is conceivable that they will operate similarly in type 1 and type 2 diabetes, a notion to be tested in future human studies. Such research will aid in the development of novel strategies to stratify earlier individuals with diabetes who are at higher risk of complications, improve prevention of complications, and develop new complement-targeted therapeutic approaches for the complications of diabetes that represent a major cause of morbidity and mortality in adults.
